The polycythemia observed at high altitudes and in certain forms of pulmonary and congenital heart disease has led to the acceptance of the view that anoxia is an erythropoietic stimulus. In polycythemia vera, however, the oxygen saturation of the arterial blood has been found to be normal. Observers have, therefore, sought in the bone marrow itself for evidence of anoxia in this disease. Reznikoff et al. (1) demonstrated changes in the capillaries and arterioles in the bone marrow of patients with polycythemia vera and postulated decreased blood flow with subsequent anoxia as the erythropoietic stimulus. Chemical evidence of such anoxia has as yet not been obtained.
It has likewise been maintained that marrow anoxia is the stimulus to red cell production in anemia, as for example, after hemorrhage. Recently, however, Grant and Root (2, 3) have determined the percentage saturation and oxygen tension of bone marrow blood in dogs made anemic by bleeding and found no significant difference from the control animals.
These considerations led us to a study of the oxygen content in bone marrow blood in various diseases in man, adapting the method of Grant and Root.
After the studies to be reported in this paper had been completed, the work of Berk, Burchenal, Wood, and Castle (4) on the same subject was published.
MATERIALS AND METHODS
Fifty-two sets of determinations in 50 patients are presented here. From each patient, within a period of several minutes, specimens of bone marrow blood and brachial arterial blood were obtained. In 35 instances antecubital venous blood was drawn without stasis. All bloods were chilled until the analyses were performed.
At the time of withdrawal of the blood specimens for analysis, the patients were recumbent in bed, having rested quietly for at least ten minutes. Experiments were usually performed between 9 and 10 o'clock in the morning, about two hours after breakfast. More attention was not paid to the establishment of absolutely basal conditions because the act of sternal marrow puncture induced a degree of anxiety in most patients which was of far greater moment than the other factors affecting the basal state.
The sternal bone marrow aspiration was performed by the usual technique at the level of the second interspace with a number 17 bone marrow needle and stylet. After the marrow had been entered, the stylet was withdrawn. In only two patients, one with polycythemia vera and one with an hemangioma of the spleen (not included in the present series), was there a spontaneous welling up of blood into the hub of the needle. In the other patients, a preliminary gentle aspiration with a 10 cc. syringe was performed until blood just appeared in the syringe. The syringe was then discarded and the patients were instructed to perform a momentary Valsalva experiment when necessary, whereupon bone marrow blood was seen to rise into the hub. The tip of a Roughton-Scholander micro-pipette, containing dried heparin, was immediately inserted well below the level of the blood to the junction of the hub with the needle proper. The operator's finger was held over the opposite end in order to prevent blood in contact with air from entering the pipette. Forty cu. mm. were aspirated and transferred to a RoughtonScholander analyzer for immediate determination of oxygen content. From 0.75 cc. to 1.0 cc. of bone marrow blood was then withdrawn with gentle suction into a 2 cc. syringe containing dried heparin for the determination of oxygen capacity.
Oxygen determinations were performed by the method of Roughton and Scholander (5) . For the capacity measurement blood was saturated with oxygen by the aeration of 0.5 to 1.0 cc. for 15 minutes in the syringe in which the specimen had been collected. Correction for dissolved oxygen in both the saturated and unsaturated specimens was made using the figures of Sendroy et al. (6) .
The patients were divided into four groups, namely, controls, patients with polycythemia vera, anemia and anoxic anoxia. The "control" group consisted of afebrile patients, some of whom were convalescent from a variety of diseases and who manifested no hematologic, cardiovascular, or pulmonary abnormalities. The polycythemia vera group consisted of all patients with this diagnosis, regardless of the stage of therapy. The anemics consisted of patients whose arterial oxygen capacity was less than 15 volumes per cent, corresponding to a hemoglobin content of 11.0 grams per 100 cc. The anoxic group included patients whose arterial oxygen saturation was below normal. In addition to the anoxic anoxia which all patients in this group manifested, some were presumed to have stagnant anoxia on the basis of congestive heart failure.
In the collection of "bone marrow blood" for the determination of oxygen content and capacity several possible sources of error are to be considered:
1. As indicated previously a preliminary aspiration with a 10 cc. syringe and the performance of the Valsalva maneuver were usually necessary in order to obtain a free flow of bone marrow blood into the hub of the needle. Did these pressures induce changes in the oxygen content of the bone marrow blood obtained? For a brief period the level of bone marrow blood in the hub was exposed to air. Did this brief exposure also induce changes in the oxygen content of the specimen drawn? It is likely that whatever error was introduced affected the controls and the test groups similarly. It was believed that such changes took place only at the surface of the blood column and that errors from these sources could be eliminated by inserting the tip of the pipette well below the level of the blood. This opinion was substantiated by subjecting blood to similar treatment in a dummy experiment.
2. Another source of error is that "bone marrow blood" is not a relatively constant mixture like peripheral blood. When material is aspirated through a needle in the bone marrow, a variable proportion of marrow elements, stagnant red blood cells, and actively flowing blood is obtained. This is evident grossly in that some bone marrow specimens appear homogeneous whereas in others yellowish grey particles are seen. In addition, changes in circulation may have occurred at the tip of the needle in the marrow cavity. An indication of the magnitude of these errors can be obtained by comparing the oxygen capacities of bone marrow and peripheral blood in the same individual. The value, arterial blood oxygen capacity minus bone marrow blood oxygen capacity, had an extreme range from + 2.3 to -1.1 volumes per cent. The mean difference, however, was + 0.3 volumes per cent, just beyond the error of the method, showing that there was a slight dilution by bone marrow elements. Using the method of Grant (7), in a number of instances, we determined the oxygen capacity of bone marrow blood drawn before and after the removal of 1 cc. and found a similar variation. It should be pointed out in this connection that Grant and Root (2) found an average difference of + 1.3 volumes per cent between venous and bone marrow oxygen capacity in dogs. As an indication of the degree of error brought about by variation in the oxygen capacity of bone marrow blood, we have calculated the percentage saturation of bone marrow blood on the basis of the capacity of both bone marrow and arterial blood. The mean and the standard deviation in the control and in the other groups were not changed significantly by either method of calculation. We have therefore used the figures for percentage saturation of bone marrow blood calculated on the basis of bone marrow capacity in the presentation of our results.
RESULTS
The results in individual cases are shown in Tables I through IV. Table V 2p is the probability that the observed difference beThe first and last cases are pernicious anemia; the others tween the means is due to chance, as calculated by are hypochromic anemia.
Fisher's "t" test. 
DISCUSSION
The wide range of variation in the oxygen content and percentage saturation of bone marrow blood found in this study confirms the results of Grant and Root (2, 3) in dogs and of Berk and coworkers (4) in man.
By the present methods, with their limitations as discussed above, it was not possible to demonstrate bone marrow anoxia in polycythemia vera. In this respect, our findings are in agreement with those of Berk et al. However, whereas they found no significant difference in the mean value of the percentage saturation of bone marrow blood in the controls and in polycythemia vera, our findings show a significantly higher value for the latter. In common with Grant and Root (2), we confined our analyses of bone marrow blood oxygen content to the first several drops of blood appearing in the needle. Berk A possible explanation may be that in polycythemia vera the bone marrow is hyperplastic and extraordinarily vascular so that the first cubic centimeter of blood brought into the syringe may represent bone marrow blood. On the other hand, in normal patients, where the bone marrow is not hyperplastic nor unduly vascular, only a portion of this cubic centimeter may come directly from the marrow. The remainder may be drawn in from extra-marrow sources. In support of this explanation is the fact that in four controls, we halve found the oxygen content of bone marrow blood drawn after the removal of 1 cc. to be higher than the oxygen content of blood obtained before such removal. This finding, however, is at variance with the results obtained by Grant and Root in dogs, where successive bone marrow specimens showed the same oxygen content.
The other difference in technique, namely, that Berk et al. secured a spontaneous flow of marrow blood by having their patients turn to one side whereas we induced flow by gentle suction, does not, in our opinion, account for the different results because of the dummy experiments performed by both sets of investigators, which showed no change as a result of such manipulations.
The percentage saturation of bone marrow blood in polycythemia vera would be higher than normal even if the arterial-bone marrow oxygen difference were the same in the two groups. Actually, the A-BM difference was lower in the polycythemic group, thus accentuating the difference in percentage saturation. Ordinarily decreased arteriovenous oxygen difference implies increased blood flow, provided oxygen consumption is not decreased. Overall oxygen consumption in polycythemia vera is increased or normal. We are aware of no in vivo studies of oxygen consumption of bone marrow itself. One would expect an increased oxygen consumption in hyperplastic marrow. Therefore, increased blood flow compatible with an hyperplastic, highly vascular marrow may be present. This would impart to the circulation in the marrow in polycythemia vera a unique character since there is evidence that the general circulation in this disease is slowed. The theoretical possibility remains, however, that oxygen consumption of bone marrow in polycythemia vera is decreased (histotoxic type of anoxia or arteriovenous shunting). In this case the low A-BM difference would not necessarily indicate increased blood flow.
In agreement with the findings of Grant and Root in post-hemorrhagic anemia in dogs we have been unable to demonstrate a significant difference from the controls in the percentage saturation or arterial-bone marrow oxygen difference of a small number of cases of pernicious and hypochromic anemia. This may be due, in part, to the fact that our methods are not sensitive enough to detect small differences in the face of great normal variation.
In patients with anoxic anoxia the method was adequate to detect low percentage saturation values in the bone marrow blood. That they were not lower is due possibly to various compensatory factors, such as increased blood flow and increased oxygen capacity.
SUMMARY AND CONCLUSIONS 1. Oxygen content, capacity, and percentage saturation of bone marrow blood were determined in man in a group of controls and in patients with polycythemia vera, anemia, and anoxic anoxia. The limitations of the method are discussed.
2. The percentage saturation. of bone marrow blood was greater and the arterial-bone marrow blood oxygen difference was smaller in patients with polycythemia vera than in controls. This finding does not support the theory that there is a local bone marrow anoxia due to decreased blood flow in polycythemia vera, but is compatible with either increased blood flow or decreased oxygen utilization by the marrow in this disease.
3. No significant differences were found between anemias and controls, in a small number of cases.
4. In patients with anoxic anoxia the percentage saturation of bone marrow blood with oxygen was lower than in the controls.
